Zhu MJ, Ma Y, Long NM, Du M, Ford SP. Maternal obesity markedly increases placental fatty acid transporter expression and fetal blood triglycerides at midgestation in the ewe. Am J Physiol Regul Integr Comp Physiol 299: R1224 -R1231, 2010. First published September 15, 2010 doi:10.1152/ajpregu.00309.2010.-Obesity of women at conception is increasing, a condition associated with offspring obesity. We hypothesized that maternal obesity increases placental fatty acid transporter (FATP) expression, enhancing delivery of fatty acids to their fetuses. Sheep are a commonly utilized biomedical model for pregnancy studies. Nonpregnant ewes were randomly assigned to a control group [100% of National Research Council (NRC) recommendations] or obese group (OB, 150% of NRC) from 60 days before conception to 75 or 135 days of gestation (dG; term ϭ 150 dG), when placental cotyledonary tissue was collected for analysis. Fetuses of OB ewes were markedly heavier (P Ͻ 0.05) on 75 dG than fetuses from control ewes, but this difference disappeared by 135 dG. Maternal obesity markedly increased (P Ͻ 0.05) cholesterol and triglyceride concentrations of both maternal and fetal blood. There is no difference in lipoprotein lipase mRNA expression between control and OB group at either gestational age. On 75 dG, the mRNA expression of FATP1 (P Ͻ 0.05), FATP4 (P ϭ 0.08), and fatty acid translocase CD (cluster of differentiation) 36 (P Ͻ 0.05) proteins were more enhanced in cotyledonary tissue from OB than control ewes; consistently, protein expression of FATP1 and FATP4 was increased (P Ͻ 0.05). Similarly, on 135 dG, the mRNA levels of FATP1, FATP4, and CD36 were all higher (P Ͻ 0.05), but only FATP4 protein content was enhanced (P Ͻ 0.05) in OB cotyledonary tissue. Peroxisome proliferator-activated receptor (PPAR)-␥ regulates the expression of FATPs. Both the mRNA expression and protein content of PPAR␥ were increased in OB cotyledonary in the midgestation. In conclusion, maternal obesity enhances the mRNA expression and protein content of FATPs in cotyledonary in the midgestation, which is associated with higher PPAR␥ content in cotyledonary. placenta; lipid; sheep; PPAR␥ IN THE UNITED STATES, pre-pregnancy obesity in women increased from 13.0% in 1993-1994 to 22.0% in 2002-2003, a net increase of 69.3% (21). Recent evidence suggests that high pre-pregnancy body mass index is associated with either an enlarged or normal-weight fetus, increased newborn adiposity, and an increased incidence of obesity and metabolic diseases of offspring in later life (2, 5, 13, 28, 30, 33, 42) . However, mechanisms linking maternal obesity (MO) to the increased incidence of obesity and metabolic diseases in offspring remain poorly defined.
IN THE UNITED STATES, pre-pregnancy obesity in women increased from 13 .0% in 1993-1994 to 22 .0% in 2002-2003, a net increase of 69.3% (21) . Recent evidence suggests that high pre-pregnancy body mass index is associated with either an enlarged or normal-weight fetus, increased newborn adiposity, and an increased incidence of obesity and metabolic diseases of offspring in later life (2, 5, 13, 28, 30, 33, 42) . However, mechanisms linking maternal obesity (MO) to the increased incidence of obesity and metabolic diseases in offspring remain poorly defined.
In our previous studies, we observed that MO induced inflammation in fetal tissue, which was associated with altered fetal development (50, 58, 59) . Toll-like receptor (TLR)-4 induces inflammation through promotion of the inflammatory NF-B (60) and JNK pathways (34) . A high level of fatty acids in the fetal circulation due to MO promotes inflammation via the TLR4 receptor (37, 39) .
Long-chain fatty acids in fetal circulation are mainly derived from the maternal circulation through transplacental transport (15) , which is mediated by a family of transmembrane fatty acid transport proteins including fatty acid transporters (FATPs), fatty acid binding proteins, and fatty acid translocase FAT/CD36. The expression of FATPs including FATP1 and FATP4 exhibited tissue-specific distribution (35, 45) . FATP1, a member of the FATP/SLC27A1 solute carrier family 27, is an insulin-sensitive transporter that facilitates the cellular uptake of long-chain fatty acids (56) . FATP4 are more effective FATPs compared with FATP1 in rat skeletal muscle (35) . FATP1 and FATP4 are known to be expressed in the human term placenta (22) ; however, the mechanisms regulating FATP1 and FATP4 in the placenta are unclear. CD36 is not the primary FATP (45) and is ubiquitously expressed (35) . Peroxisome proliferator-activated receptors (PPARs) are highly expressed in the placenta (53) ; as transcription factors, they are essential for placental development and fatty acid metabolism and transport (41) . PPAR␥ enhances the expression of FATPs (31) , and the activation of p38 is necessary for PPAR␥ to regulate FATP expression (40) . We hypothesized that MO increased FATP expression that was associated with greater PPAR␥ expression and p38 activation in the placenta of OB ewes.
MATERIALS AND METHODS
Care and use of animals. All animal procedures were approved by the University of Wyoming Animal Care and Use Committee. Multiparous Rambouillet/Columbia ewes were studied. Ewes were all mated to a single ram. From 60 days before conception to day 135 of gestation (first day of mating ϭ day 0), ewes were individually fed either a highly palatable diet at 100% (control) of National Research Council recommendations for energy (36) (n ϭ 20), or 150% (OB group) of the recommended energy requirements for early gestation (n ϭ 20) as previously reported (50, 65) . Ewes were housed in individual pens within a temperature-controlled room (ϳ20°C). Ewes were weighed at weekly intervals, and rations were adjusted for weekly changes in metabolic body weight (BW 0.75 ) (12) . The body condition of each ewe was scored at monthly intervals to evaluate changes in fatness as previously described (11) .
Tissue collection. Immediately before necropsy on 75 or 135 days of gestation (dG; gestation length ϳ150 days), ewes were weighed and sedated with intravenous ketamine (22.2 mg/kg), and anesthesia was maintained by isofluorane inhalation (1.0 -2.5%). Maternal (jugular vein) and fetal (umbilical vein) blood samples were collected from five twin-bearing ewes in each dietary group while they were under anesthesia. Maternal blood was collected into a chilled nonheparinized vacutainer tube (no additives; Sigma, St. Louis, MO), and serum was collected and frozen at Ϫ80°C for leptin assay. Blood was collected into a separate chilled tube (heparin, Sigma), and plasma was frozen at Ϫ80°C until it was utilized for lipid analysis. Following midventral laparotomy, the gravid uterus was located and the umbilical cord to each fetus was isolated. Umbilical venous blood was collected from each fetus via venipuncture, and serum and plasma were collected and stored as described for maternal blood. Ewes were then exsanguinated while remaining under general anesthesia, and the gravid uterus was immediately recovered and opened from base to tip. For each conceptus, cotyledonary tissue was obtained from type A placentomes (n ϭ 2) of similar size located within 10 cm of the umbilical attachment site, frozen in liquid nitrogen, and stored at Ϫ80°C for Western blot and real-time RT-PCR analysis. All placentomes for both gestations used in this study are type A placentomes, using the criteria previously described (51) .
Antibodies. Rabbit anti-FATP1 (cat. no. sc-25541), FATP4 (cat. no. sc-25670), and CD36 (H-300) (cat. no. sc-9154) antibodies were purchased from Santa Cruz Biotechnology, Santa Cruz, CA. Phosphop38MAPK (Thr180/Tyr182) (cat. no. 9215), p38MAP kinase (cat. no. 9212), and PPAR␥ (81B8) (cat. no. 2443) were purchased from Cell Signaling (Danvers, MA). Anti-␤-tubulin (cat. no. T4026) antibody was purchased from Sigma. These antibodies have been previously used in sheep studies (16, 49, 52) .
Western blot analysis. Western blot analyses were conducted by procedures previously published from our laboratory (61, 62) . Briefly, protein extractions were separated by 5-15% SDS-PAGE gels and transferred to nitrocellulose membranes for immunoblotting analyses. The primary antibodies were diluted 1:1,000. Band density was normalized according to the ␤-tubulin content (61, 62) .
Immunohistochemical staining. A single placentome was dissected from the surrounding tissue. A cross-section of the placentome containing caruncular and cotyledonary tissue was placed in a tissue cassette (Tissue Tek; Miles Labs, Elkhart, IN) and fixed with 4% (wt/vol) paraformaldehyde in a phosphate buffer (0.12 M; pH 7.4), and embedded in paraffin. Five micrometer, paraffin-embedded, fixed sections were prepared from the paraffin-embedded placentomal tissues. For each antibody, two sections of a control ewe placentome at each gestation were deparaffinized and hydrated by routine methods before the antigen retrieval procedure. Endogenous peroxidase activity was blocked by incubation with 0.3% H 2O2 solution for 30 min at room temperature. Nonspecific antigenic sites were blocked by a 30-min incubation in diluted normal serum (Vector Laboratories, Burlingame, CA) before the sections were incubated for 2 h at room temperature with any of the following primary antibodies (1:50 dilution): anti-FATP1, anti-FATP4, or anti-CD36 antibody. The sections were then incubated at room temperature with a biotinylated secondary antibody (Vector Laboratories, Burlingame, CA) for 30 min and followed with the peroxidaseconjugated biotin-avidin complex (Vectastain ABC kit; Vector Laboratories) for 30 min. Finally, the peroxidase was revealed by immersion in diaminobenzidine tetrahydrochloride per manufacturer's instruction (Vector Laboratories). For a negative control, the isotype-matched immunoglobulin was used instead of primary antibodies (62) . All pictures were taken at ϫ200 magnification.
Leptin analysis. Leptin was measured in serum in a single assay by a multispecies leptin RIA kit from Linco Research (St. Charles, MO), following the manufacturer's instructions and as previously validated in our laboratory (11) . The intra-assay coefficient of variation was 4.8%, and assay sensitivity was 0.5 ng/ml.
Lipid analyses. A Boehringer Mannhiem/Hitachi 912 analyzer was used to quantitate plasma cholesterol, high-density lipoprotein, lowdensity lipoprotein, very-low-density lipoproteins, and triglyceride (Roch Diagnostics, Indianapolis, IN) contents as previously described (25) . The lipid analyses were conducted by Veterinary Diagnostic and Investigational Laboratory, College of Veterinary Medicine, University of Georgia.
Real-time RT-PCR analysis. Total RNA was extracted using Trizol Reagent (cat. no. 15596-018; Invitrogen, Carlsbad, CA), treated with DNase I (cat. no. 79254; Qiagen), and cleaned up with RNeasy Mini kit (cat. no.74104; Qiagen). cDNA was synthesized with SuperScript III first-strand synthesis for RT-PCR kit (cat. no. 18080-051; Invitrogen). Real-time RT-PCR was conducted on a Bio-Rad (Hercules, CA) iQ5 machine. Primers used in this study were synthesized by Invitrogen. ␤-Tubulin was used as the housekeeping gene. Primer information for FATP1, FATP4, CD36, FABP1, FABP3, FABP4, FABP5, FABPpm, lipoprotein lipase, and ␤-tubulin were listed in Table 1 . PPAR␥ forward primer, 5=-CCGCATCTTCCAGGGGTGTC-3=, and reverse primer, 5=-CAAGGAGGCCAGCATCGTGTAAAT-3= were synthesized according to the published sequence (23) .
Statistics. Data were analyzed as a complete randomized design using General Linear Model of Statistical Analysis System (38) . Each ewe was considered as an experimental unit, and each time point was analyzed separately. Means separation was performed using LSMEANS. Means Ϯ SE were considered different when P Ͻ 0.05, and a trend was indicated when P Ͻ 0.10.
RESULTS
Body weight of OB ewes averaged 71.6 Ϯ 3.2 kg at the time of experimental diet initiation and had increased (P Ͻ 0.05) 30% from diet initiation to conception (92.8 Ϯ 3.0 kg). These OB ewes then went on to exhibit 38% and 60% increases in body weight from diet initiation to necropsy on day 75 (98.5 Ϯ 3.1 kg) or day 135 (114.7 Ϯ 3.9 kg) of gestation, respectively. In contrast, while body weight of control ewes were similar to that of OB ewes at diet initiation (68.3 Ϯ 2.9 kg) they only exhibited insignificant increases in body weight from diet initiation to conception (70.3 Ϯ 3.1; 2.9% increase) or necropsy on day 75 (73.9 Ϯ 4.2 kg; 8.2% increase) but had increased (P Ͻ 0.05) their body weight by day 135 of gestation (90.8 Ϯ 4.3 kg; 32.9%). Consistent with increases in body weight, OB ewes increased (P Ͻ 0.05) their body condition score from 5.0 Ϯ 0.3 at diet initiation to 7.7 Ϯ 1.0 at day 75 and 7.7 Ϯ 0.2 at day 135. Body condition scores of control ewes were similar to those of OB ewes at diet initiation averaging 4.7 Ϯ 0.4 and then increased to 4.9 Ϯ 0.4 on day 75 and 6.3 Ϯ 0.3 on day 135 of gestation, respectively. Both body weights and body condition scores were markedly greater (P Ͻ 0.05) in OB than control ewes at conception and on days 75 and 135 of gestation. Furthermore, circulating maternal leptin concentrations were higher (P Ͻ 0.01) in OB than control ewes at both gestational ages (Table 2) . Maternal obesity increased (P Ͻ 0.05) cholesterol, triglyceride, and the cholesterol-to-high-density lipoprotein ratio concentration in both maternal and fetal blood on 75 dG (Table 2) . On 135 dG, while the differences in cholesterol and triglycerides remained elevated (P Ͻ 0.05) in maternal blood of OB vs. control ewes, only cholesterol and low-density lipoprotein remained elevated (P Ͻ 0.05) in the blood of OB vs. control fetuses ( Table 2 ). There is no difference in lipoprotein lipase mRNA expression between control and OB group at either gestational age (Fig. 1) .
On 75 dG, Western blot analysis indicated that both FATP1 and FATP4 proteins were more abundant (P Ͻ 0.05) in cotyledonary from OB than control ewes ( Fig. 2A) . Consistently, FATP1 and FATP4 mRNA expression was elevated in OB ewes (Fig. 2A) . In addition, FABP1, FABP3, FABP4, FABP5, and plasma membrane FABP are all expressed in sheep placentomes, but their mRNA expression did not differ between control and OB ewes (data not shown).
To determine whether the increased expression of FATPs in cotyledonary of OB ewes persisted into late gestation, we further analyzed FATP expression in placentomes on 135 dG. The mRNA expression of FATPs and CD36 were increased in OB placentomes, and FATP4 protein content was also found to be higher (P Ͻ 0.05) in OB placentomes at late gestation (Fig.  2B) . To mediate fatty acid uptake, FATPs need to localize on the trophoblasts. Indeed, FATPs were mainly located to trophoblasts as depicted in Fig. 3 .
To explore possible mechanisms leading to enhanced FATPs expression, we analyzed the expression of PPAR␥. Both the mRNA expression and protein content of PPAR␥ were increased in OB vs. control placentomes at midgestation (Fig. 4A) . However, at late gestation, this difference in PPAR␥ disappeared (Fig. 4B) . p38 MAP kinase activation is necessary for PPAR␥ to regulate the expression of FATPs, and the activation of p38 MAP kinase is through phosphorylation. Consistent with increased expression of both PPAR␥ and FATPs, the phosphorylation of p38 MAP kinase was also higher in OB placentomes at midgestation (Fig. 5A ), and this difference in p38 MAP kinase disappeared at late gestation (Fig. 5B ).
DISCUSSION
The sheep is one of the most commonly used models for studying human pregnancy (3). Sheep have a cotyledonary placentation where nutrient and waste product exchange occurs at discrete sites called placentomes (10, 55) . Placentomes are individual units of fetal/maternal exchange, and are composed of fetal cotyledonary and maternal caruncular components (10) . The cotyledonary component of both the human and sheep placenta are of the same villous type and exhibit similarities in vascular development and morphology (3).
We observed that placental weight was increased due to MO, which is consistent with a previous survey study in women, where placental weights correlated with increasing MO (47) . In addition, fetuses in OB ewes exhibited increased weights at midgestation, consistent with the observed macrosomia of obese human pregnancy (20) . The uniqueness of our obese sheep model is that the difference in placental and fetal weight largely disappears at the late gestation; the exact mechanisms associated with the reduction of placental development during the late portion of pregnancy is unclear but could be due to feedback inhibition. Such an increase and then a decrease in placental development provide a unique model for studying the mechanisms regulating placental development and function, with high relevance to human pregnancy. Obesity leads to low-grade inflammation (14, 46, 54) . NF-B and JNK signaling pathways are the primary pathways of inflammatory responses (1), which further enhances the expression of proinflammatory cytokines, forming a vicious cycle (19) . Toll-like receptor (TLR)-4 drives the inflammatory NF-B pathway (60) and activates the JNK pathway (34) . A crucial recent finding demonstrated that free fatty acids are ligands for the TLR4 receptor (37, 39) . Therefore, excessive fatty acids in the fetal circulation due to MO are expected to activate TLR4 signaling, resulting in inflammation.
Placental uptake of free fatty acids from the maternal circulation provides fatty acids both for placental metabolism and delivery to the fetus (41, 57) . Placental fatty acid uptake is mediated by FATPs, including FATP1 and FATP4. In this study, we found that MO enhanced the expression of FATPs at midgestation, which is consistent with observations in ob/ob mice where the mRNA expression of FATPs is increased in adipose tissue (29) . Consistent with the increased expression of FATPs observed in this study, we previously reported that the free fatty acid concentration in the fetal circulation of OB ewes at midgestation was higher than that of control ewes (63). The difference in the level of free fatty acids between control and OB ewes should not be due to the difference in triglyceride hydrolysis because there is no difference in lipoprotein lipase mRNA expression between control and OB groups at either gestational age, which indicates that increased FATP in OB placenta may be the key factor for enhanced fatty acid fluxes into the fetal circulation of OB ewes. Changes in fetal fatty acids could also be partially due to alteration in fetal metabolism, which warrants further studies. PPARs belong to a group of the ligand-activated nuclear receptor superfamily and function as transcription factors regulating the expression of genes related to lipid metabolism and adipogenesis (9) . PPAR␥ is known to be essential for placental development (57) and placental uptake of fatty acids (40) . Activation of PPAR␥ enhances the uptake of fatty acids by increasing the expression of FATP1 and FATP4 (41) . In this study, both mRNA and protein of PPAR␥ were higher in the placenta of obese ewes. p38 MAP kinase is also an important regulator of lipid metabolism, and its activation is necessary for PPAR␥-induced FATP expression (40) . Consistent with increased PPAR␥ and FATPs expression, the phosphorylation of p38 was also increased in OB placentomes at midgestation. These data show that PPAR␥ and p38 MAP kinase may regulate the enhanced expression of FATPs in OB ewes.
The increase in PPAR␥ expression in OB placentomes could be due to the elevated inflammatory response associated with MO. It was reported previously that inflammation upregulates PPAR␥ expression (48) . Obesity in pregnant women induces exaggerated inflammatory responses in the placenta (6), consistent with our observations in this study in the ewes (58) . The increase in PPAR␥ expression might also be due to enhanced adipogenesis in the placenta, because PPAR␥ is a marker of adipogenesis. Interestingly, adipose tissue has a very similar transcriptome to the human placenta (6) . The activation of p38 MAP kinase might be also associated with the inflammation and stress in OB placentomes. p38 MAP kinase is known to be activated in OB conditions in mice (7, 27) . A very interesting observation of this study is that the difference in FATPs and associated regulatory signaling pathways between control and OB placentomes attenuates at late gestation. The exact reason for the downregulation of FATPs in the placenta in late gestation is unclear, but might be due to feedback inhibition. MO induces placental inflammation at midgestation (63) , and inflammation itself is able to induce anti-inflammatory TGF-␤ signaling in mice and humans (4, 44) , which should downregulate inflammation and, correspondingly, the expression of FATPs. Indeed, in our studies in fetal gut at late gestation, enhanced TGF-␤ signaling was observed in OB fetuses compared with control fetuses (Yan X, Huang Y, Wang H, Du M, Hess BW, Ford SP, Nathanielsz PW, Zhu MJ, unpublished observations). Consistent with the downregulation of FATPs in late gestation, the concentration of lipids in fetal circulation in OB was also reduced during late gestation, and the difference between OB and control disappeared on 135 dG. This reduction of lipids in fetal circulation might also contribute to the downregulation of PPAR␥ and transcription of FATPs in OB sheep placenta in late gestation. Another factor for the lack of difference in fetal lipid profile between control and OB could be due to the change in overall placentome weight. Using the same cohort of animals, we previously reported that the total placentome weight at 75 dG did not differ between control and OB ewes (709.5 Ϯ 38.9 g vs. 654.6 Ϯ 37.6), but at 135 dG, the placentome weight was lower in OB compared with control ewes (control vs. OB ϭ 623.3 Ϯ 15.8 vs. 486 Ϯ 14.2, P Ͻ 0.05). As a result, at midgestation OB fetal weight was much higher than control weight (control vs. OB ϭ 185.7 Ϯ 6.9 vs. 234.4 Ϯ 6.6 g), but at late gestation such difference disappeared (control vs. OB ϭ 5024.5 Ϯ 163.4 vs. 4,827.4 Ϯ 169.1 g). When expressed as the ratio of fetal to placenta weight, i.e., placenta efficiency, they are still higher in OB ewes at both gestations (midgestation: control vs. OB 0.27 Ϯ 0.02 vs. 0.37 Ϯ 0.02; late gestation: control vs. OB 8.1 Ϯ 0.3 vs. 10.0 Ϯ 0.4) (26) . The downregulation of nutrient transporters and reduction in placentome weight during the later portion of gestation should be mainly responsible for the lack of difference in body weight at birth (26) . The reason for the reduction in OB placental weight may be associated with the downregulation of growth signaling pathways in OB placenta (64) .
MO enhances the expression of FATPs, which should increase fatty acid uptake, further increasing fetal adiposity at midgestation. In addition, excessive fatty acids are expected to induce inflammation, because fatty acids are ligands for TLR4, which drives the inflammatory response (34, 37, 39, 60) . Indeed, in our previous study, we detected elevated inflammation in OB placenta compared with control placenta (63) . Inflammation in fetuses induces developmental changes (8) . Furthermore, previous studies showed that the activity of amino acid transporter system A is enhanced by inflammatory cytokines in cultured primary trophoblast cells (17) . Maternal high-fat diet and obesity upregulates placental glucose transporter-1 and amino acid transporter (18) . These data combined with our observations show that MO enhances the expression of critical nutrient transporters for fatty acids, glucose, and amino acids, which should account for the fetal obesity and overgrowth in the midgestation. Because major organ development occurs before midgestation and adipogenesis initiates around midgestation, such an excessive supply of fatty acids may alter fetal development and promote adipogenesis, increasing preadipocytes and adipocytes in fetuses (8) . In the late gestation, the expression of FATPs was downregulated and fetal weight was normal, which might be too late to correct altered fetal development, predisposing offspring to obesity in later life. This was recently confirmed by Ford et al. (12) who reported a significant increase in adiposity at birth in lambs born to OB compared with control ewes. Furthermore, when these lambs reached maturity (2 yr of age), they exhibited an increased appetite, altered glucose and insulin regulation, and a greater accumulation of body fat in response to a bout of ad libitum feeding compared with offspring born to ewes fed to requirements (24) .
Perspectives and Significance
Our observation that MO increases FATPs expression has important clinical applications. MO is known to increase the incidence of fetal overgrowth and adiposity and is associated with the development of preeclampsia and associated fetal death (32, 43) . Our data demonstrate that MO enhances the expression and content of FATPs in cotyledonary in midgestation, which should at least partially account for the fetal overgrowth and adiposity. The increase in FATPs is associated with higher PPAR␥ content and enhanced p38 signaling. Because most of the developmental events of fetuses occur before or around midgestation, the excessive delivery of fatty acids into fetal circulation in midgestation is expected to alter fetal development, exerting long-term effects on offspring health.
